Background Resistance of Plasmodium falciparum to sulfadoxine-pyrimethamine threatens the antimalarial effectiveness of intermittent preventive treatment during pregnancy (IPTp) in sub-Saharan Africa. We aimed to assess the associations between markers of sulfadoxine-pyrimethamine resistance in P falciparum and the effectiveness of sulfadoxine-pyrimethamine IPTp for malaria-associated outcomes.
Introduction
Without pregnancy-specific protection, an estimated 45% of 32 million pregnancies in malaria-endemic subSaharan Africa are exposed to Plasmodium falciparum malaria yearly, 1 leading to 900 000 malaria-associated low birthweight deliveries 2 and associated consequences for infant health. 3 In these areas, WHO recommends intermittent preventive treatment in pregnancy (IPTp) with antimalarials. IPTp with sulfadoxine-pyrimethamine, the only antimalarial currently recommended for this strategy, is associated with major reductions in maternal anaemia, low birthweight, and neonatal mortality. 4 However, the effectiveness of sulfadoxinepyrimethamine IPTp is threatened by resistance to this Effect of Plasmodium falciparum sulfadoxine-pyrimethamine resistance on the effectiveness of intermittent preventive therapy for malaria in pregnancy in Africa: a systematic review and meta-analysis drug combination, particularly in east and southern Africa.
In P falciparum, sulfadoxine-pyrimethamine resistance results from a series of single nucleotide polymorphisms in the parasite's dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes. At the ecological level, a high prevalence of quintuple-mutant P falciparum parasites, defined as those that harbour the five most common substitutions (dhfr substitutions Asn51Ile, Cys59Arg, and Ser108Asn, and dhps substitutions Ala437Gly and Lys540Glu), reduces the efficacy of sulfadoxine-pyrimethamine as an intermittent preventive treatment against malaria in infants and children, 5, 6 undermines the ability of sulfadoxine-pyrimethamine to clear existing P falciparum infections in asymptomatic pregnant women, 7, 8 and shortens the post-treatment prophylactic period following IPTp. 7 Sextuple-mutant P falciparum parasites, which harbour the additional dhps Ala581Gly mutation, are associated with enhanced sulfadoxine-pyrimethamine resistance in vitro, sulfa doxine-pyrimethamine treatment failure in patients with acute malaria, [9] [10] [11] and failure of the drug combination to inhibit parasite growth or prevent malaria-associated fetal growth restriction in pregnant women.
Research in context
Evidence before this study We searched the Malaria in Pregnancy Library, PubMed, Web of Science, and Scopus for studies (published in English, up to March 1, 2018) in sub-Saharan Africa of the ecological relationship between molecular markers of sulfadoxine-pyrimethamine resistance and the effectiveness of sulfadoxine-pyrimethamine intermittent preventive treatment in pregnancy (IPTp) for preventing low birthweight, preterm birth, maternal malaria infection, and maternal anaemia. The following search terms were used: "Malaria AND pregnan* AND (intermittent OR IPT) AND Review". We found one prospective multi-country study (done in eight sites), two meta-analyses, and one modelling study. In the prospective study, prevalence of molecular markers of sulfadoxine-pyrimethamine resistance was strongly correlated with clearance of existing infections by the drug, and with duration of post-treatment prophylaxis, but showed no clear trend with regard to reductions in low birthweight, maternal anaemia, or plasmodium infections from this treatment. In this study, few areas with a high prevalence of the highly resistant sextuple-mutant Plasmodium falciparum parasite were investigated. One meta-analysis showed, based on three studies, no protective effect of sulfadoxine-pyrimethamine IPTp (vs placebo or no intervention) against low birthweight in areas with more than 50% dhps Lys540Glu mutation prevalence. By contrast, the other meta-analysis (nine studies) showed no reduced effectiveness of the treatment in areas with high sulfadoxine-pyrimethamine resistance. The modelling study did not directly investigate the relationship between the effect of sulfadoxine-pyrimethamine resistance and the effectiveness of sulfadoxine-pyrimethamine, but suggested that, even accounting for resistance, extending sulfadoxine-pyrimethamine IPTp to all women attending antenatal clinics would have a sizeable and cost-effective impact on maternal and infant health. Although this inference was valid in most malaria-endemic settings in sub-Saharan Africa, the single exception was highly resistant areas where sextuple-mutant parasites are common.
Added value of this study
This is the most comprehensive study of the effect of sulfadoxine-pyrimethamine resistance on the effectiveness of IPTp, involving 57 studies, 13 surveys, and more than 100 000 births. The aggregated data meta-analysis indicated substantial heterogeneity in effect size between studies, which might explain the contradictory findings between the two previous smaller reviews and the ongoing controversy about the continued use of sulfadoxine-pyrimethamine IPTp in areas of high resistance. We report for the first time a clear trend towards reduced effectiveness of sulfadoxine-pyrimethamine IPTp for low birthweight and P falciparum infection with increasing prevalence of molecular sulfadoxine-pyrimethamine resistance markers. Sulfadoxine-pyrimethamine was protective against low birthweight in areas of high resistance where parasites with the dhfr and dhps quintuple-mutant haplotype are essentially fixed. However, three observational cohort studies published elsewhere showed that these beneficial effects were not apparent in individuals infected with the highly resistant sextuple-mutant parasites (harbouring the quintuple mutant haplotype plus dhps Ala581Gly).
Implications of all the available evidence
Overall, evidence suggests a decline in the effectiveness of sulfadoxine-pyrimethamine IPTp for reducing malaria infection, anaemia, and low birthweight with increasing resistance. Nevertheless, use of sulfadoxine-pyrimethamine IPTp remains associated with reduced risks of low birthweight, even in areas where sulfadoxine-pyrimethamine fails to clear a third of asymptomatic infections in women receiving IPTp. These findings support WHO's recommendation to continue using sulfadoxine-pyrimethamine for IPTp in these high-resistance areas. However, an important exception is areas where sextuple mutant parasites are common (≥37% prevalence). In such areas, alternative preventive strategies are required now. The substantial heterogeneity between studies, even in areas with similar resistance levels, suggests that single observational studies of the relationship between sulfadoxine-pyrimethamine doses and low birthweight might not be informative as tools for making policy decisions. A decision tool using just two or three mutational markers in the dhps gene could be considered to guide sulfadoxine-pyrimethamine IPTp policy.
relationship between molecular measures of sulfadoxinepyrimethamine resistance and the effect of sulfadoxine-pyrimethamine IPTp on clinically relevant birth outcomes, such as low birthweight, is not clear. Previous attempts to define these relationships reached conflicting conclusions, 17, 18 possibly reflecting substantial betweenstudy heterogeneity in the effect of sulfadoxinepyrimethamine treatment on low birthweight. 14, 18 Using all available data derived from observational studies, clinical trials, and national surveys in subSaharan Africa, we did a meta-analysis of the ecological relationship between molecular markers of sulfadoxinepyrimethamine resistance and the effect of sulfadoxinepyrimethamine IPTp on low birthweight. We hypothesised that a higher prevalence of sulfadoxine-pyrimethamine resistance, as indicated by the prevalence of molecular markers of sulfadoxine resistance, would be associated with an attenuation of the sulfadoxine-pyrimethamine IPTp-associated reduction in low birthweight.
Methods

Search strategy and selection criteria
We did a systematic review and meta-analysis in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses statement (appendix, p 41). Two main sources of data regarding IPTp effectiveness were used: aggregated data from observational studies and clinical trials (henceforth 19 PubMed, Web of Science, and Scopus) for studies published between Jan 1, 1990, and March 1, 2018, without language restrictions, in addition to scanning reference lists of articles and consulting with experts in the field (appendix p 2). The search terms "Malaria AND pregnan* AND intermittent AND (prevent* OR prophyla* OR chemoprevent* OR chemoprophyla* OR IPT*) AND (sulfadoxine OR sulphadoxine OR pyrimethamine OR SP)" were used. Observational studies were included if they were done in sub-Saharan Africa, had information at delivery on the number of sulfadoxine-pyrimethamine doses received, and data on birthweight, maternal haemoglobin, or plasmodium infection at delivery. Trials were included if they were quasi-randomised or randomised trials done in subSaharan Africa, compared sulfadoxine-pyrimethamine IPTp against passive case detection or placebo, and otherwise fulfilled the same criteria as for the observational studies. Studies or study arms were excluded if they involved only HIV-infected women or if they combined sulfadoxine-pyrimethamine with other antimalarial drugs (such as artemisinin derivatives or azithromycin) or with other interventions (such as screening for malaria). Final study eligibility was agreed on by the reviewers. If no agreement could be reached, a third reviewer (FOtK) assessed the study and agreement was reached by consensus.
To identify surveys, one reviewer (DAL) searched all national-level datasets from surveys done in malariaendemic countries in Africa after the year 2000 (when WHO introduced the sulfadoxine-pyrimethamine IPTp policy) and with datasets publicly available (as described in detail elsewhere; 4 search date May 31, 2015) , including the Demographic and Health Surveys Program, UNICEF Multiple Indicator Cluster Surveys, and Malaria Indicator Surveys. Surveys were included if they contained data on low birthweight (perceived birth size and measured weight), measured IPTp use by number of doses among recently pregnant women, and measured insecticide-treated net coverage at the household level (appendix pp 2-3).
Data on molecular markers of sulfadoxine-pyrimethamine resistance were obtained from the clinical study reports or from the authors of those reports. If these data were not available, data were obtained from existing population prevalence maps of P falciparum dhps mutations by use of the molecular surveyor tool of the Worldwide Antimalarial Resistance Network (WWARN) and existing prediction surfaces of the prevalence of sulfadoxinepyrimethamine resistance-associated mutations based on these data. 16, [20] [21] [22] Malaria transmission intensity data were obtained from the Malaria Atlas Project.
Extraction and quality assessment of IPTp effectiveness data
From clinical studies, extraction of summary data was done independently by two investigators (AMvE and GK or DECS). Authors of primary studies were contacted for missing information or if reported data did not fit the required format. The following information was extracted: first author, publication year, year of study start and end, study design, study and randomisation procedures (trials only), inclusion criteria (eg, any restrictions by gravidity), insecticide-treated net use, numerator and denominator per outcome per sulfa doxine-pyrimethamine dose, and details of control intervention (trials only). If available, sulfadoxine-pyrimethamine resistance data were extracted. Study quality was assessed by two reviewers (AMvE and GK or DECS) using an adaptation of the Newcastle-Ottawa Scale (appendix, p 3). 23 From surveys, the following (individual patient-level) data were extracted: reported number of sulfadoxinepyrimethamine doses received; composite of low birthweight (<2·5 kg) if measured birthweight was available, or perceived small birth size (very small or small) if birthweight was not available (the correlation between perceived and measured low birthweight has been described elsewhere 4 ); and measured birthweight as a continuous variable. 4 Other data extracted included number of antenatal visits, tetanus vaccination, iron supplementation and insecticide-treated net ownership, household socio economic status, mother's education, mother's age and parity, birth spacing, newborn sex, season of birth, and whether it was a single or multiple birth.
Data on the prevalence of dhps Ala437Gly, Lys540Glu, and Ala581Gly mutations among P falciparum parasites were extracted from the clinical studies in pregnant women, the literature, and existing molecular surveyor databases (appendix p 4). 16, [20] [21] [22] In areas where the On the basis of the estimated prevalence of dhps mutations in the study areas (matched as described in text and appendix p 9), resistance was stratified into low (Ala437Gly <90% [central and west Africa], or Lys540Glu <30% [east and southern Africa]; 30 studies), moderate (Ala437Gly ≥90% [central and west Africa], or Lys540Glu ≥30% to <90% [east and southern Africa]; 16 studies), and high (Lys540Glu ≥90% in east and southern Africa; 11 studies). p values following the I² statistics represent the χ² test for heterogeneity. Weights are from random effects analysis. Data marker sizes indicate the weight applied to each study using random-effects meta-analysis. Diamonds represent summary effect of studies. CW=central and west Africa. dhps=dihydropteroate synthase. D+L=Dersimonian-Laird method for random effects models. ES=east and southern Africa. IPTp=intermittent preventive treatment in pregnancy. I-V=inverse variance method for fixed effects models. *Reference refers to the lowest sulfadoxine-pyrimethamine dose category (0 or 0-1 dose as indicated in the sulfadoxine-pyrimethamine dose category column), and the comparison column (included for illustration only) refers to all the other exposure groups pooled (eg, if the sulfadoxine-pyrimethamine categories were 0, 1, 2+, the comparison column would reflect the data in the 1 dose group and 2+ dose groups pooled; full sample sizes per dose group and average doses are shown in the appendix (p 13). †The high prevalence of dhps Ala581Gly in these studies was not accompanied by a high prevalence in dhps Lys540Glu, so this information was not interpreted as an indication of the presence of sextuple-mutant parasites. prevalence of this quintuple mutant was more than 50%, the prevalence of the dhps Ala581Gly mutation served as a proxy for the sextuple mutant. Two areas were identified where the sextuple mutant was more than 10%: northeastern Tanzania, and the area crossing the borders of southwestern Uganda, eastern Rwanda, eastern Democratic Republic of the Congo, and northwestern Tanzania (appendix p 4). The prevalence of each point mutation and the P falciparum parasite prevalence in children aged 2-10 years (PfPR 2-10 ; using data from the Malaria Atlas Project) was matched to each study by time (the same year for PfPR 2-10 and within 2 years before or after for point mutations) and by location using latitude and longitude (within 300 km where possible). 24 For national surveys, these prevalence data were calculated for the administrative boundary of the given survey using Malaria Atlas Project data and WWARN's geospatial models (appendix p 4).
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Definition of resistance categories
To stratify resistance into low, moderate, and high levels, different combinations of threshold levels (at 5% step increases) of the resistance-associated mutations in dhps were explored in the aggregated-data metaanalysis. Because of distinct parasite populations and distributions of mutations in each region, 25 threshold analysis was done separately for central and west Africa and for east and southern Africa. Results were then combined to obtain a single categorical variable that represented the optimal thresholds based on the R² for each region.
Statistical analysis
The primary outcome was low birthweight. Secondary outcomes included anaemia, malaria, preterm delivery, birthweight, haemoglobin level, and gestational age. Analyses of clinical studies were done with Stata (version 14). A two-stage random-effects meta-analysis was done by use of a generalised least-squares regression for trend estimation of summarised dose-response data. 26, 27 Effect sizes were expressed as relative risk reduction (RRR; 100 × [1 -relative risk]) for trend (appendix p 4), and were then combined across studies with use of a random-effects meta-analysis, with heterogeneity quantified using the I² statistic. Potential modifying effects of sulfadoxine-pyrimethamine resistance were examined with multi variate linear meta-regression, adjusting for the following prespecified covariates: malaria transmission, study quality, average number of sulfa doxine-pyrimethamine doses, and proportion of paucigravidae (defined as women in their first or second pregnancy). 28 The proportion of women using insecticidetreated nets was not found to be associated with resistance level in our analyses and was not included as covariate in the metaregression. Subgroup analyses by gravidity (paucigravidae vs multi gravidae) were also done. For the assessment of the effect of sulfadoxine-pyrimethamine IPTp on continuous outcomes, only the no doses group versus the two or more doses group were compared. Further sensitivity analysis was done by excluding lowquality studies and exploring the presence and impact of potential small-study effects due to publication and other biases (appendix p 4). Excluding low-quality studies ‡ 50 1·002 (1·000-1·003) 0·0090 0·01732 61·9 22·9 1·002 (1·000-1·003) 0·0160 0·01133 51·1 49·6
Restricted to largest 50% of studies § 29 1·002 (1·000-1·003) 0·0223 0·01469 70·5 21·1 1·002 (1·000-1·003) 0·0132 0·00909 58·7 51·2
Resistance strata ¶
All studies 57 1·10 (1·03-1·18) 0·0054 0·02040 65·4 22·8 1·10 (1·03-1·17) 0·0043 0·01184 52·9 55·2
Excluding low-quality studies ‡ 50 1·10 (1·03-1·18) 0·0075 0·01687 61·6 24·9 1·09 (1·02-1·16) 0·0095 0·01067 49·7 52·5
Restricted to largest 50% of studies §
1·10 (1·02-1·18) 0·0122 0·01386 69·7 25·6 1·10 (1·03-1·17) 0·0067 0·00802 55·9 56·9
dhps=Plasmodium falciparum dihydropteroate synthase. *Adjusted for malaria transmission intensity, average number of sulfadoxine-pyrimethamine doses, study quality, and proportion of paucigravidae in study. †In the meta-regression, the sulfadoxine-pyrimethamine resistance variable was introduced as a linear continuous variable reflecting 1% stepped increases in prevalence of the resistance marker. ‡Excludes studies with less than three of six stars for quality. §To ascertain the effect of potential bias due to small-study effect, the analysis was restricted to the largest 50% of studies, based on their standard error of the log relative risk for low birthweight. ¶Sulfadoxine-pyrimethamine resistance, defined by the prevalence of molecular markers, stratified into low (dhps Ala437Gly <90% in central and west Africa or dhps Lys540Glu <30% in east and southern Africa), moderate (dhps Ala437Gly ≥90% in central and west Africa, or dhps Lys540Glu ≥30% and <90% in east and southern Africa), and high (dhps Lys540Glu ≥90% in east and southern Africa).
Table: Effect of sulfadoxine-pyrimethamine resistance on the effectiveness of sulfadoxine-pyrimethamine IPTp to prevent low birthweight in women receiving intermittent preventive treatment during pregnancy (sub-Saharan Africa, 1997-2013, aggregated data)
The survey analysis was done in R and restricted to the higher-resistance areas with more than 80% prevalence of dhps Lys540Glu. Only the most recent livebirth within the past 2 years was considered. To mitigate potential confounding of the effect of sulfadoxine-pyrimethamine dose on birthweight, exact matching was used (appendix p 4). 4 The modifying effect of sulfadoxine-pyrimethamine resistance was first assessed for each survey by use of random-effects log-binomial regression models for low birthweight and linear regression for birthweight with the matched birth strata included as a random intercept using the lme4 package in R. 30 IPTp exposures were considered as continuous variables similar to the aggregated meta-analysis. The effect measures were then further evaluated by resistance strata (quintiles) and compared by use of meta-regression.
This study is registered with PROSPERO, number 42016035540.
Role of the funding source
Except for the US Centers for Disease Control and Prevention (CDC) and WWARN, the funders of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. CDC and WWARN staff participated in the conduct of the study. AMvE, FOtK and DAL had full access to all the data in the study. AMvE and FOtK had final responsibility for the decision to submit for publication.
Results
For the aggregated-data meta-analysis, we identified 2021 records through database searching. After removal of duplicates, 1097 articles were assessed for eligibility, of which 66 were included in the review: 58 observational studies and eight trials (figure 1). A summary of the included studies is provided in the appendix (p 6). Of these, 50 source articles from 17 countries (appendix p 30) were included in the analysis of low birthweight, involving 57 datapoints (henceforth referred to as studies) and 59 457 births. The remaining 16 studies did not provide data on low birthweight, but contributed to the analysis of secondary outcomes. In central and west Africa (31 studies), the median prevalence of dhps Ala437Gly was 57·9% (IQR 39·3-77·6; range 15·2-100·0), despite a low prevalence of dhps Lys540Glu (0·1% [IQR 0·0-0·9; range 0·0-18·9]), whereas, in east and southern Africa (26 studies), the prevalence of dhps Ala437Gly (85·4% [IQR 62·9-94·1; range 13·3-100·0]) was similar to that of dhps Lys540Glu (85·8% [IQR 47·6-94·8; range 0·0-100·0]; appendix pp 27, 31). The dhps Ala581Gly mutation (used as a proxy for the sextuple mutant) mainly occurred in areas with a dhps Lys540Glu prevalence of more than 80% in east and southern Africa (figure 2, appendix p 27). Among sulfadoxine-pyrimethamine recipients, the median number of sulfadoxine-pyrimethamine doses received (study-level) was 1·7 (IQR 1·3-2·4; appendix p 13). The number of sulfadoxine-pyrimethamine doses received by study participants was not correlated with the prevalence of dhps Ala437Gly (r=-0·0295, p=0·83) or dhps Lys540Glu (r=0·1594, p=0·24).
Overall, per dose of sulfadoxine-pyrimethamine, sulfadoxine-pyrimethamine IPTp was associated with an RRR for low birthweight of 21% (95% CI 17-25; 57 studies; figure 2). RRR was 22% (17-27; 34 studies) in paucigravidae and 18% (11-24; 31 studies) in multigravidae (appendix p 17). There was substantial heterogeneity between studies (I²=69·5%, p<0·0001; figure 2).
Univariate and multivariate meta-regression analyses showed a linear trend towards decreasing effectiveness of sulfadoxine-pyrimethamine IPTp (as indicated by the log relative risk of low birthweight moving closer to the null) with increasing prevalence of dhps Lys540Glu (table, figure 3 ). No differences were seen by gravidity (appendix 3 ). Of the different thresholds used to stratify resistance into low, medium, and high, the most predictive combination was low resistance defined as dhps Ala437Gly less than 90% in central and west Africa or dhps Lys540Glu less than 30% in east and southern Africa (RRR 27% [95% CI 21-33]); moderate resistance defined as dhps Ala437Gly 90% or higher (central and west Africa) or dhps Lys540Glu 30% or higher and less than 90% in east and southern Africa (RRR 21% [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] ); and high resistance defined as dhps Lys540Glu 90% or higher in east and southern Africa (RRR 7% [0-13]; p=0·0054 for linear trend; table). These definitions of resistance strata explained 22·8% of the between-study variance (R²) in univariate models and, combined with other covariates, 55·2% in multivariate models (table) . Very similar results were obtained if alternative thresholds (<20% or <40%) for dhps Lys540Glu prevalence were used to define low resistance, or if a dhps Ala437Gly prevalence of less than 80% was used to define low resistance, or if the presence (≥1%) of dhps Ala581Gly (instead of dhps Lys540Glu ≥90%) was used to define high resistance (appendix p 18). Meta-regression results were similar after the exclusion of low-quality studies (table). There was evidence for significant small-study effects (p<0·0001), but this effect was observed in all three resistance strata (appendix p 32), and restricting the analysis to the larger 50% of studies did not change the observed trend towards decreasing efficacy with increasing resistance (table) . By region, multivariate meta-regression showed significant correlations between low birthweight and dhps Ala437Gly prevalence, dhps Lys540Glu prevalence, and resistance strata only in east and southern Africa (appendix p 16).
Only five studies were done in areas that had a more than 10% prevalence of sextuple-mutant P falciparum parasites (pooled dhps Ala581Gly prevalence 32% [95% CI 17 to 48]). Substantial heterogeneity in effect size was found among these studies (I²=68·8%, p=0·012; appendix p 33): the three studies with a small sample size in the reference group had an RRR of 35% (14 to 51; pooled dhps Ala581Gly prevalence 21%), whereas the two remaining larger studies, both conducted in areas with the highest dhps Ala581Gly prevalence (pooled prevalence 46%) had an RRR of -2% (-15 to 9; p=0·0518 for subgroup difference).
When outcomes other than low birthweight were considered, we observed a linear trend towards decreasing effectiveness of IPTp with increasing prevalence of dhps Lys540Glu for maternal moderate-to-severe anaemia and for malaria infection (maternal, placental, or any malaria) at delivery. The RRRs at delivery for moderate-tosevere anaemia were 41% (28 to 51) in low-resistance, 20% (1 to 35) in moderate-resistance, and 13% (3 to 22) in high-resistance areas (p trend =0·0049); and for any malaria infection were 20% (13 to 26) in low-resistance, 18% (10 to 26) in moderate-resistance, and 3% (-3 to 9) in high-resistance areas (p trend =0·0164; appendix pp [21] [22] [23] [24] [25] [26] .
The analysis of individual participant data from surveys focused on areas with a more than 80% prevalence of the dhps Lys540Glu mutation, with the aim of ascertaining the effect of the sextuple-mutant P falciparum parasite in areas previously defined as super resistant (>10% dhps Ala581Gly prevalence). 16 Of 138 publicly available surveys, 39 met the inclusion criteria, and 13 surveys that included data from areas with a dhps Lys540Glu prevalence of more than 80% or with super resistance (all in east and southern Africa from 2008-15, and comprising Individual observations in all areas with a dhps Lys540Glu prevalence of more than 80% were divided into quintiles after excluding the surveys in the super-resistant areas. Super-resistant areas were defined as those with a dhps Ala581Gly prevalence of more than 10% (southwestern Uganda, northern Tanzania, and eastern Democratic Republic of the Congo). 16 Overall, sulfadoxine-pyrimethamine IPTp was associated with an RRR of 11% (95% CI 8-13) for low birthweight. The RRR was 10% (7) (8) (9) (10) (11) (12) in areas with a dhps Lys540Glu prevalence of more than 90% and Ala581Gly prevalence of less than 10%. dhps=dihydropteroate synthase. IPTp=intermittent preventive treatment in pregnancy. RRR=relative risk reduction. *Number of surveys (total 13) that contributed to each quintile group; surveys could contribute to more than one group. 42 394 singleton livebirths) were included in the analysis after exact matching of probability of receiving IPTp, resistance, and malaria transmission intensity data (figure 1). Sulfadoxine-pyrimethamine IPTp in these areas was associated with an RRR of 11% (95% CI 8 to 13) for low birthweight. Even in areas with a dhps Lys540Glu prevalence of more than 90% and a dhps Ala581Gly prevalence of up to 10%, sulfadoxine-pyrimethamine IPTp was associated with significantly reduced risk of low birthweight (RRR 10% [7 to 12] ; figure 4 ). However, in the two super-resistant areas, sulfadoxine-pyrimethamine IPTp did not protect against low birthweight (RRR 0·5% [-16 to 14]; figure 4). In these two areas, the pooled prevalence of the dhps Ala581Gly mutation across all contemporary molecular studies was 37% (29 to 46; appendix p 34).
Discussion
In our meta-analysis of aggregated data from 57 clinical studies, increases in the prevalence of two molecular markers of sulfadoxine resistance were associated with clear reductions in the effectiveness of sulfadoxinepyrimethamine IPTp to avert low birthweight and other outcomes such as malaria infection at delivery and maternal anaemia. In our parallel analysis of individual participant data from nationally representative surveys, sulfadoxine-pyrimethamine IPTp was associated with a significant but modest protective effect against low birthweight in areas where the P falciparum dhps Lys540Glu mutation prevalence was 90% or higher and the prevalence of sextuple-mutant parasites was less than 10%. 16 However, these surveys also showed that, in areas where sextuplemutant parasites are common (pooled prevalence estimate 37%), sulfadoxine-pyrimethamine IPTp did not protect against low birthweight. These findings are consistent with our understanding of the incremental increase in resistance to sulfadoxine-pyrimethamine with successive mutations in the dhfr and dhps genes, and with the previous studies that showed compromised efficacy of sulfadoxinepyrimethamine in women infected with sextuple-mutant P falciparum. [12] [13] [14] [15] This high resistance is currently restricted to a few foci in east Africa, 16 but its spread would have important implications for the continued use of sulfadoxine-pyrimethamine for IPTp.
Compared with other markers of sulfadoxinepyrimethamine resistance, fewer data are available on the distribution of the dhps Ala581Gly mutation. Therefore, the aggregated-data meta-analysis was limited in its ability to define and validate different thresholds for the dhps Ala581Gly mutation. There were only five studies done in areas in east and southern Africa with a dhps Ala581Gly prevalence of more than 10%, and none were done in areas with a dhps Ala581Gly prevalence between 13% and 43%. Within these studies, there was also substantial between-study heterogeneity in the effect of treatment on low birthweight: the three smaller studies, with only four to eight low birthweight events in the reference groups, 12, 15, 31 showed a pooled effect size of 35% (95% CI 14 to 51), whereas the studies with larger reference groups reported an effect size of -2% (-15 to 9; appendix p 33). 32, 33 The results of these larger two studies, which were done in areas with a dhps Ala581Gly prevalence of more than 45%, are consistent with the lack of effect on low birthweight in our analysis of survey data, which was based on much larger sample sizes and areas with an average dhps Ala581Gly prevalence of 37%.
Irrespective of sulfadoxine-pyrimethamine resistance, we observed large between-study heterogeneity in the treatment effect on low birthweight among the 57 clinical studies. This can be explained, in part, by the multicausal nature of low birthweight and the varying populationattributable fractions of malaria towards low birthweight, which depend on transmission intensity and uptake of interventions such as insecticide-treated nets. In the current study, insecticide-treated net use was not an effect modifier or confounder, but malaria transmission intensity was correlated with resistance (lower transmission levels were associated with higher resistance levels) and was thus a potential confounder, which is why it was important to adjust for malaria transmission in our models. Nevertheless, estimates of the effect of sulfadoxine-pyrimethamine resistance on the effectiveness of sulfadoxine-pyrimethamine IPTp for averting low birthweight (ie, the slope of the metaregression lines) were largely unaffected by the inclusion of four co variates-malaria transmission, study quality, mean number of sulfadoxine-pyrimethamine doses, and pro portion of paucigravidae-in the models, suggesting minimal confounding by these variables overall.
Although the effectiveness of IPTp for low birthweight decreased with increasing resistance, sulfadoxinepyrimethamine IPTp remained associated with a 7-10% reduced risk of low birthweight even in areas where the resistant quintuple-mutant haplotype is fixed. This small but resilient effect on low birthweight contrasts with the lack of effect (RRR 3%) on malaria infection in highresistance areas seen in the aggregated-data meta-analysis (appendix p 19), and with the previously observed unfavourable parasitological response in asymptomatic pregnant women receiving sulfadoxine-pyrimethamine IPTp in these areas, where clearance of parasites by day 42 was achieved in only 50% of paucigravidae. 7 That IPTp can decrease risk of low birthweight even in areas where its efficacy for clearance of infection is compromised might suggest that suppression, rather than radical clearance of parasites, is required to mitigate the adverse effects of malaria on placental function and growth, as observed in multigravidae (who acquire protective antimalarial immunity over successive pregnancies). Alternatively, sulfadoxine-pyrimethamine might have beneficial effects on birthweight that are independent of its antimalarial properties and are, therefore, unaffected by parasite resistance (eg, anti microbial effects, [32] [33] [34] or effects related to immuno modulation, similar to those described for cotrimoxazole 35 ). The differences in P falciparum parasite populations (shown in the scatter plot of the prevalence of dhps Ala437Gly and Lys540Glu mutations in the appendix p 31) reflect the distinct geographical origins of two or three parasite populations in east and west Africa. 25 In east and southern Africa, the combination of the resistance alleles at dhps codons 540 and 581 could be considered to track sulfadoxine-pyrimethamine resistance. In central and west Africa, where the dhps Lys540Glu mutation is absent or rare, tracking dhps Ala437Gly might be informative. However, other mutations have started to emerge in west Africa, such as dhps Ile431Val, which has been reported on a haplotype bearing mutant alleles at codons 581 and 613 but a wildtype allele at codon 540. 36, 37 The clinical implications of such new haplotypes require further study.
Our analyses have important limitations. First, the potential biases associated with observational data, in which the number of sulfadoxine-pyrimethamine doses is not determined by the study, have been discussed in detail elsewhere. 4 Although the use of exact matching and multivariate models will have reduced the potential for bias in the surveys, residual confounding cannot be excluded. Second, national surveys are subject to measure ment error and information bias from respondent recall and self-report. 4 Similar limitations apply to the aggregated-data analysis, which could only adjust for study-level covariates. For some studies, time-matched local resistance data were not available and were obtained from other sources, which are less precise. Some studies were considered to be of poor quality, with a trend towards greater effectiveness with decreasing study quality, but sensitivity analysis showed that these low-quality studies were equally distributed across the resistance spectrum and did not affect the conclusions. Similarly, there was evidence of a smallstudy effect, but this effect was also observed in all three resistance strata, and restricting the analysis to the largest 50% of studies (which are least likely to be affected by publication bias) did not alter the conclusions. In addition, the meta-analysis suffered from design and reporting variation and small numbers in the extreme dose groups (zero doses and three or more doses). This limitation was partly mitigated by use of a dose-response analysis that placed less emphasis on the extreme dose groups. This is the most comprehensive study of the effect of sulfadoxine-pyrimethamine resistance on the effectiveness of sulfadoxine-pyrimethamine IPTp, involving 57 clinical studies, 13 nationally representative surveys, and more than 100 000 births. The data show that, despite the substantial heterogeneity between studies with regard to the effectiveness of sulfadoxine-pyrimethamine IPTp on low birthweight, increasing prevalence of molecular markers of sulfadoxine resistance is correlated with a decrease in effectiveness of sulfadoxine-pyrimethamine to prevent low birth weight and malaria infections. These findings suggest that molecular monitoring of sulfadoxine-pyrimethamine resistance is a potential policy tool to guide the use of sulfadoxine-pyrimethamine IPTp. It is reassuring that a protective association of sulfadoxine-pyrimethamine IPTp with low birthweight can be detected even in high-resistance areas where quintuple-mutant P falciparum parasites are almost fixed. However, sulfadoxine-pyrimethamine IPTp is not likely to reduce malaria and malaria-associated low birthweight in areas where the prevalence of sextuple-mutant parasites, with the dhps Ala581Gly mutation, exceed 37% (the pooled estimate in the high-resistance areas). For these areas, the search for alternative strategies or drugs to replace sulfadoxine-pyrimethamine IPTp is a pressing research priority for the control of malaria in pregnancy.
Contributors
FOtK conceived the study. AMvE, DAL, and FOtK wrote the protocol. AMvE, DAL, GK, and DECS did the literature search, acquired the aggregated data, screened records, and extracted data. AMvE, GK, and DECS assessed the quality of included studies. CK and FOtK acquired and combined the individual participant data from different observational studies. AMvE, DAL, and FOtK did the statistical analysis. KK, MD, JG, SJR, SRM, SMT, CR, and LCO provided individual level participant clinical or molecular data. CR, LCO, and CHS set up and maintained the interactive maps of the distribution of molecular resistance markers used in the analysis. AMvE, DAL, and FOtK wrote the first draft of this manuscript. All authors provided critical conceptual input, interpreted the data analysis, and critically revised and approved the final version of the manuscript.
Declaration of interests
SJR received grants from the Wellcome Trust during the conduct of the study. LCO received grants from the UK Royal Society, the Bill & Melinda Gates Foundation, and the Medicines for Malaria Venture during the conduct of the study, as well as grants from WHO outside the submitted work. All other authors declare no competing interests.
